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The  detection  of  trace  components  in  the  atmosphere  and  contaminants  or  othe 
active  agents  In  sr  on  support  facilities  Is  of  primary  Importance  to  the 
arotection  of  military  personnel.  One  proposed  approach  relies  upon  the 
compostlon  of  the  agent  followed  by  the  detection  of  characteristic  fragments. 
Is  allows  highly  sensitive,  remote  spectroscopic  techniques  to  be  used  for  the 
nalysis. 

In  the  design  of  propellents,  it  Is  Important  to  be  able  to  characterize  and 
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study  their  Drimary  deconposltion  products.  This  also  creates  a  need  for  the 
remote  detection  or  molecular  fragments,  many  of  which  are  not  well  studied 
chemical  species. \ 

New  laser  spcKtroscopic  techniques  are  being  developed  which  will  provide 
considerable  advantage  in  both  sensitivity  and  selectivity  in  the  detection  and 
I  identification  of  labile  species.  Several  are  based  upon  multiphoton  ionization 
spectroscopy  usifig  pulsed  laser  sources  and  ion  detection  methods.  Multi  photon 
ionization  spejdtroscopy  has  the  highest  potential  senstitivity  of  any  analytical 
method.  It  pan  also  be  combined  with  mass  spectral  analysis  and  electron  kinetic 
energy  analysis.  The  result  is  a  multidimensional  maping  of  the  interaction 
between  piie  laser  excitation  source  and  the  system  under  study.  While  it  may  not 
be  fea^le  to  use  such  complex  technology  for  field  applications,  the  informatioi 
obtaitttilin  the  laboratory  can  be  invaluable  in  the  design  of  simpler  methods  for 
remotsii^r  point  analysis  for  specific  species.  ] 

The  purpose  of  this  basic  research  effort  will  be  to  identify  and 
characterize  small  molecular  fragments  formed  from  the  decomposition  of  model 
compounds.  It  is  hoped  that  the  results  of  such  research  will  form  the  genesis 
for  nondestructive,  quantitative  analysis  methods  under  field  conditions 
requiring  either  remote  or  point  sensing - 
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UV-Multiphoton  Fragmentation  in  Isolated  Molecules 


A  major  advance  in  the  utility  of  laser  spectroscopy  came  as  a 
result  of  the  development  of  multiphoton  ionization  MPI  as  a  means  of 
detection  of  multiphoton  aosorption  by  molecules [  1  ]  .  The  resonance 
encountered  as  the  n-photon  energy  of  a  scanning  laser  becomes 
coincident  with  the  energy  of  a  molecular  excited  state  is  evidenced 
by  a  large  increase  in  ionization  rate.  Since  single  ionization 
events  can  be  detected  with  near  unit  efficiency,  this  results  in  a 
very  sensitive  means  of  detecting  weak  multiphoton  absorption.  MPI  is 
a  more  widely  applicable  method  than  laser  induced  fluorescence  LIF 
since  it  can  be  used  for  non-emitting  states.  Nevertheless,  it  was 
discovered  in  some  of  the  earliest  MPI  studles[2]  that  the  efficiency 
of  the  process  was  limited  by  the  competition  between  MPI  and 
multiphoton  driven  dissociation  MPD  to  form  neutral  fragments.  If 
properly  understood,  this  process  can  be  used  to  advantage  in  point 
and  remote  sensing  of  specific  agents.  Many  chemical  agents  are 
highly  complicated  molecules  and  are  difficult  to  uniquely  identify 
optically  because  of  their  very  complex  spectra.  However,  specific 
agents  will  often  be  characterized  by  particular  functional  groups  of 
atoms.  If  these  functional  groups  can  be  itcerated  from  the  parent 
molecule  (by  laser  driven  dissociation)  their  smaller,  simpleT 
structure  often  leads  to  a  means  for  highly  sensitive,  quantitative 
analysis  . 


The  most  striking  finding  resulting  from  the  important  union  of 
MPI  and  mass  spectrometr ic  methods  was  that  the  molecular  ions 
themselves  also  exhibited  extensive  phot o -f r agmen t at  ion  .  This 
resulted  in  the  promulgation  of  an  extensive  body  of  experimental  and 
theoretical  work  on  laser  fragmentation  following  ionization[3].  With 
the  exception  of  o rgano me t al 1  i  cs  ,  where  neutral  fragmentation 
dom  i  na t es [ 4  ]  ,  the  competition  between  neutral  fragmentation  and 
ionization  was  almost  completely  ignored  until  r e ce nt 1 y [ 5~7  ]  .  During 
the  course  of  this  work,  it  became  apparent  that  the  neutral  channel 
dominates  for  many  simple  organic  3ystems[5].  Thus,  it  is  important 
to  include  fragmentation,  both  prior  and  subsequent  to  ionization,  in 
any  overall  discussion  of  the  multiphoton  fragmentation  process. 

After  the  initial  UV  excitation,  there  will  generally  be  two 
radiationless  processes  in  competition  with  further  absorption; 
relaxation  (to  another  isoenergetic  state  of  the  parent)  or 
fragmentation  (to  form  daughter  species).  Each  of  these  branching 
routes  can  also  be  followed  by  additional  UV  excitation,  and  the  same 
branching  is  possible  for  each  species  formed  by  the  absorption  of  the 
additional  photon(3).  After  the  threshold  for  ionization  is  exceeded, 
yet  another  competitive  channel  is  opened.  The  result  is  a  very 
complex  tree  of  processes,  especially  when  one  considers  that  numerous 
distinct  relaxation  and/or  fragmentation  branches  could  emanate  from  a 
single  excited  state. 

The  modeling  of  MPD  in  molecules  is  complicated  by  the  fact  that 
there  are  often  several  pathways  by  which  a  particular  fragment  might 
be  formed.  To  aid  in  the  interpretation  of  the  results  from  a 
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particular  system,  one  generally  has  access  to  three  variables,  the 
laser  wavelength,  its  pulse  width,  and  its  intensity.  Because  the 
photo-driven  processes  can  be  very  strongly  dependent  upon  intensity, 
the  overall  result  can  often  be  dramatically  altered  by  simply 
changing  the  intensity  (see  Fig.  l  [8]).  The  reason  for  the  frequent 
neglect  of  neutral  fragmentation  is  the  difficulty  in  detection  of  the 
iittUtral  fragments.  If  an  appropriate  wavelength  is  used  for  the 
detection  of  these  fragments,  they  are  often  round  in  great 
abundance.  Fig.  2  shows  an  example  where  the  absorption  of  the  parent 
molecule  is  sufficiently  broad  that  the  laser  wavelength  can  be 
scanned  to  simultaneously  drive  the  MPD  process  and  show  the  MPI 
spectrum  of  the  p hot of r a gment s [ 9 ] .  In  general  it  will  be  necessary  to 
use  more  than  one  laser  simultaneously  to  independently  pump  the 
parent  absorption  and  probe  for  fragments.  The  time  evolution  of  the 
various  processes  can  be  studied  either  by  varying  the  laser  pulse 
width  (Fig.  3)  or  the  time  delay  between  pump  and  probe  lasers  [10] 
(Fig.  il  )  . 


Of  primary  interest  is  the  mechanism  by  which  a  molecule  is 
driven  to  a  sufficiently  high  level  of  excitation  to  result  in 
extensive  fragmentation.  One  might  envision  three  limiting  cases;  )) 
absorption  of  n-photons  by  the  parent  molecule  followed  by  a  concerted 
fragmentation  into  a  statistical  distribution  of  products,  2) 
absorption  of  n-photons  by  the  parent  followed  by  a  sequential  series 
of  dissociations  involving  metastable  fragments,  or  3)  a  series  of  one 
or  two  photon  driven  dissociation  steps  wherein  the  daughter  species 
absorb  at  the  same  frequency  as  the  parent. 

The  concerted  fragmentation  of  a  large  polyatomic  is  unlikely. 

In  the  case  of  acetone,  for  example,  the  one-photon,  UV  photolysis  to 
produce  two  methyl  radicals  and  CO  is  found  to  involve  a  metastable 
acetyl  fragment  [11].  Statistical  models  which  neglect  differential 
absorption  cross  sections  of  the  fragments  (which  should  be  apparent 
if  case-S  were  operative)  have  achieved  reasonable  success  in 
describing  ion  photofragmentation  processes  [3].  This  is  true  even 
for  cases  where  the  extent  of  the  fragmentation  requires  absorption  of 
two  or  three  photons  after  passing  the  first  dissociation  threshold. 


The  M PI/ MPD  of  butadiene  provides  an  excellent  example  of  case-2 
multiphoton  photodissociation  [8].  This  is  a  two  laser  experiment 
where  one  laser  is  used  to  prepare  the  ion  in  its  ground  state  and  the 
other  is  used  to  study  its  fragmentation.  The  lasers  are  operated 
with  pulse  widths  of  about  10  ns  with  the  fragmentation  laser  arriving 
12  ns  after  the  ionization  pulse.  The  wavelength  of  the  ionization 
laser  pumps  the  origin  a  selected  intermediate  Rydberg  state 
resulting  in  the  exclusive  preparation  of  v=0  ions  as  shown  from  the 
MPI  photoelectron  spectrum  PES  at  this  wavelength.  At  sufficiently 
low  laser  powers,  the  butadiene  ion  is  formed  with  little  additional 
fragmentation  (Fig.1).  The  fragmentation  laser  wavelength  corresponds 
to  the  first  absorption  band  in  the  ion.  This  absorption  is  observed 
to  be  very  broad  due  to  a  rapid  rate  of  internal  conversion  to  the 
ground  state  of  the  ion.  The  energy  of  these  ground  slate  ions  is 
insufficient  to  cause  rapid  fragmentation.  However,  the  not  ions  can 
absorb  another  photon  by  the  same  electronic  transition  as  before. 

This  will  produce  v i br a t i onal 1 y  and  electronically  excited  ions  which 
are  expected  to  undergo  internal  conversion  to  the  ground  state  at  an 
even  faster  rate  that  before.  This  process  can  be  repeated  again  and 
again,  resulting  in  the  cyclical  pumping  of  the  vibrational  excitation 

^  ^  ^  ^  ^  ^  M.  —  ^  ^  —\r\r\ *  1  —  ^  


into  the  ground  electronic  state  of  the  ion  in  20,200  cm 


increments 


figure  Tlme-of-Flight  mass  Figure  2.  MPI-MS  wavelength  scans 

spectrum  of  butadiene  at  i99.l  hm  at  j-qp  m/e»l3  by  resonant  2*i  MPI  of  CH 

two  different  laser  powers:  (a)  90p  produced  by  photodissociatlon  of 

j  and  .b)  SOCy  J.  iref.  3)  Ketene.  Arrows  marv  wavelengths  at 

which  photoeiectron  spectra  have  been 
taken.  Asterisks  mark  peaks  due  to 
atomic  carbon  transitions  appearing 
in  the  CH  channel  because  ST  Coulomb 
broadening  of  the  time-of-  flight 
mass  spectrum,  (ref.  9) 


C* 


Figure  3.  Production  and  subsequent  Figure  M.  Same  as  Fig.  3  but  showing 

ionization  of  atonic  carbon  from  ^  psec  laser  pulses 

ketene  using  MPI-MS  detection.  The  delayed  by  330  psec.  (ref  12) 

pulse  width  of  the  excitation  laser 

was  varied  from  5  to  50  psec  at 

constant  pulse  energy  and  at  331.6 

nm.  (ref.  12) 
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The  ion  will  continue  to  gain  vibrational  energy  until  the 
dissociation  rate  exceeas  the  absorption  rate.  By  assuming  a 
statistical  distribution  of  the  energy  in  the  hot  ions,  RRKM  theory 
calculations  were  made  of  the  most  rapid  dissociation  rates  following 
absorption  of  one,  two  and  three  photons.  These  rates  and  the  known 
ion  breakdown  curve3[12]  predict  the  fragmentation  pattern  shown  in 
Fig.  5b.  The  excellent  agreement  with  experiment  (Fig.  5a)  gives 
considerable  credence  to  the  cyclical  pumping  mechanism  for  creating 
high  levels  of  vibrational  excitation  before  dissociation.  In^the 
above  case,  at  least  half  of  the  ions  receive  over  60,000  cm^  of 
vibrational  excitation  before  dissociation,  nearly  ^3,000  cm  above 
the  dissociation  threshold.  This  mechanism  is  expected  to  be 
important  in  systems  charact er i zed  by  reasonably  strong  pumping  of 
allowed  transitions  with  rapid  internal  conversion  back  to  the  initial 
state.  To  prevent  rapid  dissociation  above  the  first  dissociation 
threshold,  the  excess  energy  must  be  distributed  over  a  large  number 
of  vibronic  states.  Tnus,  larger  molecules  will  be  more  susceptible 
to  this  type  of  pumping. 

If  all  fragments  which  show  secondary  daughter  species  absorb 
equally  strongly  at  the  same  frequency  as  the  parent  molecule,  the 
main  difference  between  cases  2  and  3  is  kinetic.  Case-3  presumes 
that  dissociation  is  rapid  compared  to  absorption.  Thus,  time 
resolved  experiments  are  expected  to  provide  a  better  understanding  of 
the  mechanism.  Indeed,  recent  psec  [9-13]  and  fsec  [14]  studies  are 
proving  to  be  very  important  in  this  regard. 

The  MPI/MPD  of  ketene  is  an  excellent  example  of  the  combined  use 
of  MPI-MS  to  identify  the  phctoproducts,  MPI-PES  to  aid  in  the 
analysis  of  their  spectra,  and  time-resolved  spectroscopy  to  show  the 
existence  of  case-3  processes.  Ketene  is  photolyzed  with  a  near  yv, 
pulsed  laser  at  the  input  of  a  time-of-f 1  ight  mass  spectrometer.  The 
observed  fragmentation  is  extensive;  C  and  CH  are  observed  directly, 
n  -  f  '^0  aiiu  H  Of  i'ip  ciiS,  imp^Li  —  u.  uy  tiO!i..tcring  the  various  mass 
channels  (e.g.  C  and  CH),  one  obtains  the  convolution  of  their  MPD 
excitation  spectrum  and  their  optical  absorption  spectrum  detected  by 
MPI.  The  results  for  the  CH  channel  are  shown  if  Fig.  2.  Many  of 
these  oands  are  new  and  their  analysis  is  greatly  aided  by  obtaining 
the  photoelectrcn  speefrum  at  eacn  of  the  wavelengths  indicated  in  the 
figure.  Since  the  upper  states  in  these  spectra  a^e  =11  “^ydb^rgs  with 
essentially  the  same  geometry  as  the  ion,  vertical  ionization  results 
in  simple  PES  spectra  which  can  be  used  to  provide  upper  state 
vibrational  labels  for  all  of  the  transitions  shown  in  Fig.  2.  This 
was  especially  helpful  for  overlapping  bands  which  can  be  unscrambled 
by  this  vibrational  labeling  technique  as  seen  in  Fig.  6. 

The  one-photon  absorption  band  in  ketene  is  only  weakly  allowed 
and  the  molecule  is  small  and  rigid  and  is  therefore  not  likely  to 
result  in  cyclical  pumping.  Dissociation  will  probably  occur  before 
sufficient  energy  is  absorbed  to  produce  all  of  the  observed 
fragments,  e.g.  case-3.  The  time  resolved  experiments  of  Chen,  et  al. 
[8]  are  consistent  witn  tnis  expectation.  In  this  experiment,  a  sync- 
pumped  dye  laser  i=  tuned  into  '"esonance  with  a  two-photon  atomic 
carbon  transition.  The  carbon  ion  signal  (due  to  2+1  MPI  of  neutral 
carbon)  increases  as  the  pulse  width  of  the  laser  is  varied  from  5  to 
50  psec  at  constant  energy  (Fig.  3).  This  suggests  that  some 
molecular  p'^ocesses  must  precede  the  phe  t  o  a  bsor  pt  i  ve  event  chat 
produces  the  carbon  atoms.  This  is  confirmed  by  a  two-pulse 
experiment  where  the  psec  laser  is  split  into  two  beams  of  nearly 
equal  intensity  and  recombined  in  the  sample  with  a  variable  time 


delay.  In  Fig.  4  it  can  be  seen  that  the  efficiency  of  carbon  atom 
production  is  greatly  enhanced  by  the  time  delay.  From  this  we  can 
conclude  that,  after  the  initial  absorptive  event,  some  aark  process 
must  precede  the  formation  of  carbon  atoms,  e.g.  Case-3. 


From  the  above  discussion  it  can  be  seen  that  we  have  developed  a 


powerful  array  of  capabilities  for  the  study  of  lasei-  photolysis 


cesses  utilizing  time  resolved  laser  ionization  spectrosco 


mass  and  photoelectron  energy  analysis.  These  capabilities  can  b- 


utilized  to  study  photodecomposition  mechanisms  in  chemical  agents  and 


for  the  development  of  analytical  methods  specific  to  these  agents. 


As  an  important  spin*»off  of  this  research,  the  same  methods  can  be 


used  in  the  study  of  energetic  materials  and  to  obtain  new 
spectroscopic  data  on  transient  species  produced  during  their 


decorapos i t ion . 


M ICROSECONOS 

Figure  5.  (a)  Experimental  two-laser 

TOF  mass  spectrum  of  butadiene 
photolonlzed  at  399.1  nm  and 
subsequently  phodlssoclated  at  U95 
nm.  (b)  Calculated  spectrum  obtained 
by  using  equal  amounts  of  two-  and 
three-photon  absorption  of  the 
photodissociation  laser,  (ref.  8) 
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Figure  6.  (a)  Mass  resolved  (m/e-i3) 

wavelength  scan  of  the  production  of 
neutral  CH  from  the  photodissociation 
of  ketene.  (b)  and  (c)  Photoelectron 
energy  resolved  wavelength  scans 
which  monitor  the  intensity  of  the 
photoeiectron  peak  corresponding  tc 
formation  of  the  ground  state  of  the 
CH  Ion  in  the  v»i  and  v«2  vlbratlona’ 
levels,  respectively.  The  results  in 
(b)  and  (c)  show  that  there  are  two 
intermediate  states  with  different 
vibrational  quantum  numbers  which 
contribute  to  the  overall  CH 
lonlzalon  yield  shown  in  (a). 
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Flash  Pyrolysis  with  Optical  and  Mass  spectral  Analysis 

PyroJysis  provides  another  means  for  tne  decomposition  of 
larger  ; olecules  (chemical  agents  or  energetic  materials')  and  their 
cletcct4.^ii.  The  aescr  iption  of  thermochemical  reactions  often  requires 
suppositions  about  transient  intermediate  species  about  «(hicn  tnera  is 
little  if  any  experimental  data.  During  the  course  of  this  research, 
we  have  developed  a  pulsed  pyrolysis  nozzle  for  the  study  of  these 
reactions.  This  new  high  temperature,  pulsed  nozzle  (vide  infra)  is 
used  to  freeze  thermochemical  reactions  at  early  stages  of  the 
reaction  sequence  by  rapid  expansion  into  vacuum  and  cooling  to  low 
temperatures  (10-^0  K)[15,16].  The  "frozen"  reaction  mixtures  are 
then  available  for  spectroscopic  analysis  providing  directly  the 
mechanism  as  well  as  spectroscopic  data  on  the  intermediate  species. 
This  is  in  sharp  contrast  to  most  current  methods  wherein  the 
existence  of  specific  intermediates  is  only  supported  by  the 
preparation  of  complex  reaction  schemes  (involving  10-30  steps)  which 
predict  the  correct  final  product  ratios. 

We  find,  for  example,  that  the  thermal  decomposition  of 
nitrometnane  involves  very  little  rearrangement  to  methyl  nitrite 
before  decomposition  to  form  nitrogen  dioxide  and  methyl  radicals  (see 
Fig.  7)  [16].  This  is  in  direct  contrast  to  theoretical 

calculationsLl'']  but  consistent  with  other  less  definitive 
experimentsCldJ. 

Our  technique  utilizes  a  t  ime-of-f  1  i  ght  TOF  mass  s  p  e  c  t  r  ome  t  e 
with  laser  ionization  to  analyze  the  products  of  the  thermal 
deGomposition[15]. 

Depending  upon  the  configuration  of  this  source,  we  have  a 
variety  of  new  capabilities  to  utilize  in  this  work.  The  nozzle  can 
be  configured  to  eliminate  bimolecular  reactions  such  that  tnermal 
reactions  can  be  "frozen"  after  the  initial  step  as  illustrated  in 
Figure  7.  This  is  not  only  an  important  tool  for  the  study  of 
reaction  mechanisms  but  also  a  valuable  means  for  the  preparation  of 
specific  species  for  spectroscopic  study[15j.  Alternatively,  tne 
nozzle  can  be  configured  to  study  bimolecular  reactions  at  nigh 
temperatures,  either  preceding  or  subsequent  to  initial  tnermal 
decomposition  reactions.  Furthermore,  by  controlling  the  timing,  gas 
pressure  etc.,  we  can  vary  the  reaction  time  and  observe  directly  the 
evolution  of  the  sequential  steps  in  the  reaction.  Each  of  these 
capabilities  is  important  to  the  full  understanding  of  thermal 
reactions  under  normal  reaction  conditions. 

The  pulsed  pyrolysis  valve  is  shown  schematically  in  Figure  8.  In 
the  current  design,  the  gas  pulse  is  heated  to  '1200  K.  With  some 
modifications,  we  expect  to  approach  1900  K.  The  1  mm  I.D.  pyrolysis 
tube  is  loaded  with  a  pulsed  gas  mixture  at  1  to  10  atm  by  either  a 
Lasercechnics  or  General  valve  with  pulse  widths  variable;  from  IjO 
sec,  to  >1  msec.  Thus  far,  we  have  only  used  samples  wir,  h  significant 
vapor  pressures  at  room  temperature.  However,  the  device  could  be 
modified  to  allow  injection  of  laser  vaporized  solid  samples  at  the 
input  of  the  hot  tube.  The  pulse  intensity  is  only  limited  by  the 
pumping  speed  of  the  vacuum  chamber  which  in  our  case  (with  a  10  inch 
CTI  cryopump  in  a  chamber  whose  wall^  are  cooled  with  77  K  baffles) 
can  maintain  the  pressure  in  the  10  torr  range  for  cw  operation  when 
using  1-2  atm  of  Ar  carrier  gas.  When  short  (“lOO^isec)  pulses  are 
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injected  into  tde  pyrolysis  tube,  the  gas  dynamics  are  such  that, 
except  for  the  leading  (“20  ^asec)  and  trailing  edges  of  the  pulse,  the 
entire  gas  sample  shows  uniform  heating  and  there  is  no  evidence  for 
bimolecular  r eact i ons [ 1 4 ]  .  This  capability  can  be  used  to  study 
thermochemical  reaction  mechanisms  and  to  obtain  optical  spectra  of 
transient  reaction  intermediates. 

3y  leading  the  iisaoea  tube  with  a  lower  intensity,  longer  gas 
pulse,  we  have  been  able  to  study  bimolecular  reactions  of  the 
t he r mo chem i cal  reaction  products.  Figure  9  shows  the  time  evolution 
of  the  methyl  signal  as  a  function  of  time,  measured  from  the 
beginning  of  the  gas  pulse  which  is  injected  into  the  hot  tube.  The 
sample  consists  of  a  few  percent  of  nitromethane  in  an  argon  carrier 
gas.  The  methyl  radicals  formed  during  the  first  part  of  the  gas 
pulse  can  react  with  the  parent  compound  or  NO2  to  form  NO  and  other 
products  not  detected  at  the  ionization  wavelength  used  in  this 
experiment.  Thus  the  ratio  of  methyl  to  NO  decreases  rapidly  with 
time  as  shown  in  Figure  9[l6].  This  configuration  can  be  used  to 
study  bimolecular  reactions  at  high  temperatures. 
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Figure  9.  The  CH.’/NO*  ratio  vs  the  time  delay  between 
firing  the  pulsed  valve  and  the  ionization  laser .  .he  first 
point  represents  the  leading  edge  of  the  gas  pulse. 
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